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ABSTRACT
We present spatially- and velocity-resolved echelle spectroscopy for NGC 7009 obtained with
the UVES spectrograph at the European Southern Observatory’s Very Large Telescope. Our
objective is to analyze the kinematics of emission lines excited by recombination and collisions
with electrons to determine whether similarities or differences could be useful in elucidating the
well-known abundance discrepancy derived from them. We construct position-velocity maps for
recombination, fluorescence, charge transfer, and collisionally-excited lines. We find a plasma
component emitting in the C II, N II, O II, and Ne II recombination lines whose kinematics are
discrepant: They are incompatible with the ionization structure derived from all other evidence
and the kinematics derived from all of these lines are unexpectedly very similar. We find direct
evidence for a recombination contribution to [N II]λ5755. Once taken into account, the electron
temperatures from [N II], [O III], and [Ne III] agree at a given position and velocity. The electron
densities derived from [O II] and [Ar IV] are consistent with direct imaging and the distribution
of hydrogen emission. The kinematics of the C II, N II, O II, and Ne II lines does not coincide
with the kinematics of the [O III] and [Ne III] forbidden emission, indicating that there is an
additional plasma component to the recombination emission that arises from a different volume
from that giving rise to the forbidden emission from the parent ions within NGC 7009. Thus, the
chemical abundances derived from either type of line are correct only for the plasma component
from which they arise. Apart from [N II]λ5755, we find no anomaly with the forbidden lines
usually used to determine chemical abundances in ionized nebulae, so the abundances derived
from them should be reliable for the medium from which they arise.
Subject headings: cosmological parameters — Galaxies: abundances — ISM: abundances — ISM: kine-
matics and dynamics — planetary nebulae: NGC 7009
1. Introduction
Ionized gas is commonly used to determine
chemical compositions and study the enrichment
of heavy elements throughout the universe. To
†deceased, 2012 Dec 26
1Based on observations made with the European South-
ern Observatory telescopes obtained from the ESO/ST-
ECF Science Archive Facility.
convert the observed line intensities into ionic
abundances, the electron temperature and den-
sity are normally required (e.g., Aller 1984;
Osterbrock 1989). Traditionally, the line intensi-
ties used to measure the electron density and tem-
perature as well as determine the chemical com-
position are collisionally-excited forbidden lines of
common heavy elements (carbon, nitrogen, oxy-
gen, neon, sulfur, and argon). Though challeng-
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ing because they are weak, recombination lines
may also be used to determine chemical abun-
dances, as was first attempted by Wyse (1942).
Invariably, the abundances derived from recom-
bination lines are larger than those derived from
collisionally-excited lines, at least for carbon, ni-
trogen, oxygen, and neon (Liu 2010), leading
to what is known as the abundance discrepancy.
Peimbert & Peimbert (2006), Liu (2006, 2010),
and Bohigas (2009) provide recent reviews.
The ratio of abundances derived from opti-
cal recombination lines (ORLs) and collisionally-
excited lines (CELs) is known as the abundance
discrepancy factor (ADF). The ADF is found
in both planetary nebulae and H II regions.
Garc´ıa-Rojas & Esteban (2007) emphasize that
the nature of the ADF is, possibly, different in
H II regions, where it is almost always near a fac-
tor of two, and in planetary nebulae, where much
larger values are encountered about 20% of the
time. In both H II regions and planetary nebulae,
the ADFs for carbon, nitrogen, oxygen, and neon
tend to be similar for a given object, i.e., element
ratios such as N/O are unaffected (e.g., Liu 2010).
Attempts to explain the ADF phenomenon
have focused mainly upon the appropriate tem-
perature to use when deriving abundances and the
effects of deviations about some mean tempera-
ture. Peimbert (1967) first noted that the use
of a single temperature derived from collisionally-
excited forbidden lines was likely to overestimate
the true mean temperature and underestimate
the ionic abundances subsequently derived. Tak-
ing temperature fluctuations into account allows,
in many cases, to reconcile the abundances de-
rived from CELs and ORLs (e.g., Esteban et al.
2004). Liu et al. (2000), inspired by the un-
usually large ADF found for NGC 6153, argued
that a second plasma component, consisting of
cold, hydrogen-deficient clumps, embedded in
the normal nebular material was a more nat-
ural explanation. Other ideas have been less
explored, but include enhanced radiative or di-
electronic recombination and departures of the
electron energy distribution from the Maxwellian
distribution (e.g., Garnett & Dinerstein 2001a;
Rodr´ıguez & Garc´ıa-Rojas 2010; Pradhan et al.
2011; Nicholls et al. 2012). Dust discs around the
central stars are another possibility (Bil´ıkova´ et al.
2012). Finally, detailed observations of the Orion
nebula indicate that density structures, such as
proplyds or shocks, can distort the electron tem-
peratures and densities derived from CELs if not
taken into account (Mesa-Delgado et al. 2008,
2009a,b, 2012; Tsamis et al. 2011).
There are several means to determine the elec-
tron temperature in ionized plasmas (for details,
see Aller 1984; Osterbrock 1989). The result’s
sensitivity to the underlying temperature and any
variations will depend upon the ion used, the
conditions in which it is found, and the means
by which the transitions are excited. The most
commonly-used temperatures are determined from
CELs, the Balmer jump, and the ratio of ORLs.
The intensity of CELs have an exponential depen-
dence upon the electron temperature that charac-
terizes the Maxwellian distribution of the kinetic
energy of the free electrons. Since temperature
measurements depend upon the ratio of two such
lines, the result will also have an exponential de-
pendence upon temperature. On the other hand,
the intensity of ORLs usually have a power law
dependence upon the temperature, T−β with typ-
ically β ∼ 1. Ratios of ORLs will therefore have
only a weak power law dependence upon the tem-
perature. The Balmer jump depends upon tem-
perature as T−3/2, so the temperature, based upon
the ratio of a Balmer line to the Balmer jump, has
an approximately square root dependence upon
temperature.
As might be expected as a result of the temper-
ature structure in any given object, the different
temperatures do not always agree. In general, the
temperatures derived from CELs are the highest,
followed by Balmer jump temperatures, and with
temperatures derived from ORLs of neutral he-
lium or ionized oxygen being the coldest (e.g., Liu
2010). Using hotter temperatures to derive chem-
ical abundances from ORLs helps reconcile them
with the abundances determined from CELs. Ob-
viously, meaningful ionic abundances are obtained
only if the electron temperature is appropriate for
the emitting ions.
Much effort has been invested in searching for
trends between the ADF and the nebular prop-
erties in the hope of uncovering the ADF’s ori-
gin. In planetary nebulae, the ADF increases
as the difference between the Balmer jump and
[O III]λλ4363,4959,5007 temperatures increases
(Liu et al. 2001). Likewise, the ADF increases
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in planetary nebulae that are larger, more dif-
fuse, and of lower surface brightness, but not
with expansion velocity, electron temperature,
He2+/He+ ratio, or the stellar temperature or
luminosity (Robertson-Tessi & Garnett 2005).
The trends with size, density, and surface bright-
ness could suggest that part of the ADF phe-
nomenon in planetary nebulae has to do with
the evolutionary stage. Tsamis et al. (2008) find
trends with opposite signs between the electron
temperature (CELs) and abundances of oxygen
derived from ORLs and CELs, finding high re-
combination line abundances in regions that are
more highly ionized and of higher electron tem-
perature. In H II regions, there may be weak
correlations between increasing ADF and an in-
creasing difference between the Balmer jump and
[O III]λλ4363,4959,5007 temperatures and with
increasing excitation energy, but, within observa-
tional uncertainties, no correlation has been found
with the abundance of oxygen or of doubly ion-
ized oxygen, the ionization degree, nebular tem-
peratures, the width of the hydrogen lines, or the
effective temperature of the main ionizing stars
(Garc´ıa-Rojas & Esteban 2007).
Here, we study NGC 7009, whose ADF is about
5 (Liu et al. 1995; Luo et al. 2001; Fang & Liu
2012). Rubin et al. (2002) attempted to ob-
serve the temperature fluctuations postulated by
Peimbert (1967) using imaging and spectroscopy
from the Hubble Space Telescope. This is a diffi-
cult endeavor, as any observation will necessarily
average the temperature structure along the line
of sight to some extent, even at high spectral reso-
lution because of Doppler broadening and the con-
sequent mixing from plasma at different positions
(or velocities) cannot be avoided. Rubin et al.
(2002) were unable to observe fluctuations as large
as needed, but could not exclude the possibility
that larger fluctuations existed and were averaged
out.
Here, we present spatially- and velocity-resolved
echelle spectroscopy for NGC 7009. In §2, we
describe the data and the construction of the
position-velocity maps. In §3, we use these maps
to investigate the ionization structure of NGC
7009, the contribution of recombination to the
[N II]λ5755 emission, the component structure of
C II λ4267, and fluorescence in N II lines. In §4,
we consider the location and possible origins of
the ORLs and its consequences for the abundance
discrepancy. We present our conclusions in §5.
2. Observations and Construction of PV
Diagrams
The data were retrieved from the ESO data
archive from spectra obtained on 2002 Aug 4 us-
ing the UV-Visual Echelle Spectrograph (UVES)
attached to the European Southern Observatory
(ESO) Very Large Telescope (VLT) UT2/Kueyen
8.2m telescope as part of program ID 69.D-
0413(A). Fig. 1 shows the two slit positions in
NGC 7009 analyzed here. All of the data were
acquired within a time span of one hour. The
standard star observed was HR 9087 (program ID
60.A-9022(A)).
UVES is a two-armed, cross-dispersed echelle
spectrograph installed on the Kueyen Nasmyth B
platform. The blue arm uses a single EEV 44-82
2048× 4096 CCD with 15µm pixels while the red
arm uses a mosaic of an EEV CCD (same model)
and an MIT-LL CCID-20 2048× 4096 CCD with
15µm pixels. The data were obtained in the stan-
dard DIC1 mode with cross dispersers CD2 and
CD3 in the blue and red arms, respectively, so the
spectra cover the 3259-4518A˚, 4584-5600A˚, and
5655-6672A˚ wavelength regions. A 1.′′5 wide slit
was used for both the red and blue arms. The slit
lengths were different, though, 8.′′0 for the blue
arm and 11.′′0 for the red (Fig. 1). The result-
ing spectral resolution was approximately 33,000
in the blue, gauged by the width of arc lamp lines,
and approximately 31,000 in the red, as gauged
from the width of the telluric [O I]λ5577 line. The
plate scale was 0.′′25/pixel and 0.′′18/pixel in the
blue and red arms, respectively. UVES’s atmo-
spheric dispersion corrector (ADC) was used in
AUTO mode for all observations of NGC 7009,
but was not used for the observation of HR 9087.
The data were reduced using the Image Reduc-
tion and Analysis Facility2 (IRAF). We subtracted
biases from all images. We traced the position
of the standard star spectrum to determine the
positions of the spectral orders. We normalized
each order of the flat field image and inspected
2IRAF is distributed by the National Optical Astronomical
Observatories, which is operated by the Associated Uni-
versities for Research in Astronomy, Inc., under contract
to the National Science Foundation.
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the resulting image for interference fringes or spa-
tial variations at the wavelengths of the emission
lines of interest. Since neither were found at the
level of the noise, we decided not to apply the
flat field correction to the data. We calibrated
the wavelength scale using arc spectra taken the
same night, whose internal precision is better than
1 km/s. We used the observation of the standard
star to calculate the sensitivity function (includ-
ing the correction for the blaze function). No cor-
rection was applied for reddening, since absolute
line ratios will not be crucial to our analysis. We
applied no heliocentric correction to the radial ve-
locity.
We construct position-velocity (PV) maps (or
diagrams) from our echelle spectra. In these di-
agrams (see Fig. 2), one axis corresponds to the
spatial coordinate along the slit (the vertical di-
rection in this case) while the other presents the
velocity distribution of the emission at each spa-
tial position. From PV diagrams such as Fig. 2,
it is possible to infer which features seen in direct
images are on one side or the other of the object
and how others, such as the main shell, are co-
herent, large-scale spatial constructs that consti-
tute the fundamental three-dimensional structure
of the object.
To construct PV maps for each slit position, we
used the spatial position of the standard star as
our reference spatial position. We then extracted
pixel-by-pixel strips parallel to the traced position
of the standard star. These spatial strips were
then calibrated in both wavelength and flux. We
used IDL routines to resample all of the spectra
to a common 0.′′5 spatial scale and to construct
the PV arrays for each position observed in NGC
7009. In the few cases where it was necessary, cos-
mic rays were removed using IRAF’s imedit task.
Since the ADC was not used for the observations of
HR 9087, we corrected for differential atmospheric
refraction by mapping the position of NGC 7009’s
central star in slit position 1 as a function of wave-
length to determine the spatial offset correction.
This correction was applied to the PV arrays for
both slit positions in NGC 7009. We removed the
spectra of the central star and the nebular con-
tinuum from the PV arrays by interpolating the
spatial profiles on both sides of the emission lines
of interest.
Finally, the PV maps for the two slit positions
were merged into a single PV map by scaling the
flux in the position 2 spectrum to that in the po-
sition 1 spectrum in the region of overlap. Since
there is no overlap for the blue spectra, the flux
scaling is based upon the red spectra only. The
lack of overlap in the blue spectra produces an
“interpolation gap” in the PV maps (see Fig. 2).
Note that the [O III] λ4959 line is saturated in
the second slit position, which introduces artifacts
when this PV diagram is compared to others. We
have identified this region in the following figures
when relevant.
We present PV diagrams for NGC 7009 in dif-
ferent emission lines in Fig. 3. The lines and the
maximum intensity are identified at upper left in
each panel. In all cases, the velocity range spans
the range from -110 to +10 km/s and is not cor-
rected for heliocentric motion. The horizontal line
indicates the position of the central star and the
spatial scale is given in seconds of arc. The instru-
mental broadening limits the spectral resolution
for some kinematic components of some lines, such
as the approaching wall of the main shell in the
lines of [O III] λ4959 and [Ar IV] λ4711. For the
hydrogen and helium lines thermal broadening and
the fine structure (He I singlets excepted) further
broadens the lines. For other lines, presumably
the broadening is due to the kinematic structure.
For all the lines shown in Fig. 3, the distribution
of the emission on the receding side (redshifted) of
the nebula is broadened beyond that due to instru-
mental broadening, presumably due to kinematic
structure.
The main features in our PV diagrams are what
Sabbadin et al. (2004) call the main shell and the
SW cap (see Figs. 1 and 2). In Fig. 3, the
main shell is prominent in higher ionization lines,
such as He I λ4922, [O III] λ4959, [Ar IV] λ4740,
or He II λ4686, but very faint in low ionization
lines, such as [O II] λ3726, and likely optically-
thin due to the absence of [O I] λ 6300 (see also
Sabbadin et al. 2004). The SW cap is seen best
in the [N II] λ6583 image (Fig. 2), where it ap-
pears as a bright filamentary structure running
nearly perpendicular to the main shell, and is best
seen in the [O II] λ3726 and [O I] λ6300 PV dia-
grams in Fig. 3. Its velocity and low level of ion-
ization, indicate that it is outside the main shell
(Sabbadin et al. 2004). The SW cap has very low
mass since it is nearly absent in the Hβ PV dia-
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gram (Fig. 3), but it is the only direction covered
by these observations that could be optically-thick
to ionizing radiation (strong [O I] λ6300).
Comparing PV diagrams quantitatively re-
quires care, e.g., taking ratios to compute the
physical conditions or to model one PV diagram
as a sum of several others, since such compar-
isons require precise alignment in both the spatial
and velocity axes. We avoid comparing the PV
diagrams of lines with fine structure. Only oc-
casionally must we compare lines with different
thermal widths (and account for it). We require a
physically-consistent wavelength scale that places
co-spatial emission from different ions at the same
radial velocity, while mitigating the effects of any
errors due to our wavelength calibration or labora-
tory wavelength measurements. The assumptions
involved should not introduce spurious kinematic
structure. Our adopted wavelengths are given in
Table 1, taken from Clegg et al. (1999) for H I
and He II lines, Bowen (1960) for CELs, and from
the NIST database (Ralchenko et al. 2011)3 for
the remaining lines.
There are many studies of the structure and
kinematics of NGC 7009 (e.g., Bohigas et al.
1994; Gonc¸alves et al. 2003; Sabbadin et al.
2004; Steffen et al. 2009; Phillips et al. 2010).
Its kinematic structure appears reasonably sim-
ple, with homologous (radial) expansion domi-
nating except perhaps towards the eastern and
western extremities of the shell (Sabbadin et al.
2004; Steffen et al. 2009). These results suggest
that the mean velocity of the middle section of
the main shell may be constant for all ions. This
should be true for lines from a given ion or lines
from co-spatial ions. Whether this assumption is
reasonable for lines that are not expected to arise
co-spatially is unclear, e.g., He II λ4686 and [O II]
λλ3726,3729, but we are typically able to avoid
comparing the PV diagrams of these line pairs.
So, we align all PV diagrams in velocity by mea-
suring the velocities of the blue- and red-shifted
components in the middle section of the main
shell and shifting the mean of these two velocities
to a common mean velocity. We measure these
velocities in the the spatial region from +0.′′5 to
+2.′′5 SW of the central star (see Fig. 3), chosen
to avoid the central star, but still very central in
3http://physics.nist.gov/asd
order to suffer little from projection effects due
to the geometry of nebular shell. We adopt the
mean velocity for the sum of the O II λλ4639,4649
lines as the common mean velocity. Note that
measurements of line splitting are unaffected by
the velocity alignment of the PV diagrams.
3. Results
3.1. Ionization structure
Table 1 confirms the simple structure of NGC
7009’s main shell. The last column presents the
total velocity splitting between the main shell
components for the spatial region from +0.′′5 to
+2.′′5 SW of the central star. We determined the
total velocity splitting by fitting a single Gaus-
sian to the velocity component for the front and
back walls of the main shell. Most of the lines
in Table 1 are isolated at the resolution of our
observations. Fig. 4 presents a section of spec-
trum spanning the O II λλ4639,4642,4649,4651
lines that are usually blended with the N III
λλ4641,4642 Bowen fluorescence lines and the
C III λλ4647,4650,4651 recombination lines at
lower resolution (cf. Fang & Liu 2011). Clearly,
at our resolution, the O II λλ4639,4649 recombi-
nation lines are free of blending. Of the other lines
in Table 1, N III λ4379 is perhaps contaminated
by Ne II λ4379 (13% level), He I λ4922 may be
contaminated by [Fe III] λ4922 (10% level), while
C II λ4267 and [N II] λ6583 may be contaminated
at the 1% level (Fang & Liu 2011). We disregard
contamination below 1%.
There is clear ionization stratification within
the main shell (e.g., Wilson 1950, Table 1, Fig.
3). The lines expected to be emitted from the
bulk of the main shell’s volume, the H Balmer
lines, He I λ4922, and [O III] λ4959 have a ve-
locity splitting of 39-40 km/s. The lines from the
most highly ionized ions, He II λ4686, N III λ4379,
and O III λ3707, have the smallest velocity split-
ting at 33-34km/s. At an intermediate veloc-
ity splitting, about 36km/s, we find C II λ6578,
O II λλ4639,4649, and [Ar IV] λλ4711,4740. The
largest velocity splitting, about 41km/s, occurs
for [N II] λ6583 and [O II] λλ3726,3729. We note
that the velocity splitting for [N II] λ5755 and
[O III] λ4363 differs from that for [N II] λ6548 and
[O III] λ4959, respectively. Thus, within each wall
of the main shell, the average velocity of the high-
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est ionization species differs from that of the lowest
ionization species by only about 4 km/s. The main
shell does not emit in [O I] over the area surveyed
here, so we conclude that it is optically thin to
hydrogen ionizing radiation over this area.
The lines with intermediate velocity split-
ting of about 35-37km/s divide into two groups.
One group is from ions expected in the region
where He2+ recombines to He+, i.e., [Ar IV]
λλ4711,4740, the Bowen lines of O III λ3444 and
N III λ4641 excited by He II Ly α in the inner-
most part of the O2+ zone, and lines excited by
the O3+ + H◦ → O2+ + H+ charge exchange re-
action. Ionization stratification should locate this
emission naturally at velocities between those of
He II λ4686 and [O III] λ4959. The second group,
recombination lines of C II, N II, O II, and Ne II,
is not expected where He2+ recombines to He+,
but where doubly ionized ions of these elements
are most common within the O2+/Ne2+ zone, and
so with a velocity splitting similar to [O III] λ4959
and [Ne III] λ3869.
Our data sample the ionization structure of
oxygen in NGC 7009 particularly well. The
O III λ3707 recombination line samples the O3+
zone, the O III λλ3444,3757,5592 lines sample
the transition zone between O3+ and O2+ via
both Bowen fluorescence and charge transfer, the
[O III] λλ4363,4959 and O II λλ4639,4949 lines
sample the O2+ zone in collisionally-excited and
recombination lines, the [O II] λλ3726,3729 lines
sample the O+ zone, and the [O I] λ6300 line
samples the transition zone where both oxygen
and hydrogen recombine to neutral atoms. (The
PV diagrams for O III λλ3757,5592 are statisti-
cally indistinguishable from that for O III λ3444,
but of considerably lower signal-to-noise.) The
kinematics are expected to reflect the ionization
structure, with the innermost zones showing the
smallest line splitting and the outermost zones
suffering the greatest splitting. This expectation
is borne out (Table 1), but for the anomaly al-
ready noted, that the velocity-splitting of the O II
recombination lines is smaller than that for the
[O III] λ4959 line.
Other ions confirm the ionization structure in-
ferred from oxygen: N III λ4379 coincides with
O III λ3707, [Ne III] λ3869 coincides with [O III]
λ4959, and [N II] λ6583 coincides with [O II]
λλ3726,3729. Comparing the PV diagrams for
[O III] λ4959 and [O II] λ3726 differentially with
respect to He I λλ4922,5016,5876 and He II λ4686,
we find the expected differences, given the differ-
ences in ionization potentials: [O II] λ3726 traces
material outside the He+ zone, but also includes
the outermost material, in both velocity and spa-
tial extent, traced by He+. [O III] λ4959 gener-
ally follows the He+ distribution, but also shows
emission at the positions and velocities where the
He II λ4686 emission is enhanced, reflecting the
O2+ ions in the outermost part of the He2+ zone.
Therefore, the ionization structure of oxygen, as
traced by O III λ3707, Bowen and charge exchange
emission, [O III] λ4959, [O II] λ3726, and [O I]
λ6300, appears secure. This structure is also that
predicted by hydrodynamic models of planetary
nebulae at NGC 7009’s stage of evolution (e.g.,
Villaver et al. 2002; Perinotto et al. 2004).
On the other hand, the anomaly of the O II lines
is not isolated. The recombination lines of C II,
N II, and Ne II have a line splitting similar to that
of the O II recombination lines. Therefore, all of
these recombination lines have velocity splittings
that are smaller than expected.
3.2. Physical conditions and [N II] λ 5755
recombination
Fig. 5 presents PV diagrams for the physical
conditions of electron temperature and density.
To compute these PV diagrams, it is necessary to
take the ratio of two PV diagrams, e.g., [O III]
λ4363 and [O III] λ4959 to compute the [O III]
temperature or [Ar IV] λ4711 and [Ar IV] λ4740
to compute the [Ar IV] density. In the case of the
[O III] and [N II] temperatures, we converted the
[O III] λλ4363,4959 and [N II] λλ5755,6584 line ra-
tios to electron temperatures using equations 5.4
and 5.5, respectively, from Osterbrock (1989), as-
suming an electron density of 4000 cm−3 and the
atomic data used therein (Nussbaumer & Rusca
1979; Nussbaumer & Storey 1981). For the [O II]
and [Ar IV] density maps, we converted the [O II]
λλ3726,3729 and [Ar IV] λλ4711,4740 line ra-
tios to electron density using the atomic data
incorporated into the STSDAS version 3.8 nebu-
lar package, assuming an electron temperature of
10,000K (Bowen 1960; Kaufman & Sugar 1986;
Zeippen et al. 1987; McLaughlin & Bell 1993;
Wiese et al. 1996).
The density distribution agrees with previous
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findings, e.g., Sabbadin et al. (2004) with which
we can compare most easily. The electron density
in the main shell is rather uniform based upon the
[Ar IV] lines, with values typically of ∼ 6000 cm−3.
The only exception is a dense filament crossing the
approaching face of the main shell, seen clearly in
the HST images (Fig. 2) and the PV diagrams for
Hβ, He I λ4922, [O III] λ4959 and [Ne III] λ3869
(Fig. 3). Since this filament is fainter in He II
λ4686, O III λ3444, and [N II] λ6583 (Figs. 2,
3 and 6) than in [O III] λ4959, it is presumably
located midway through the main shell structure.
The SW cap is less dense, ∼ 2000 cm−3 as judged
from the [O II] lines. The lower density makes
sense given its near-absence in the Hβ PV diagram
(Fig. 3).
The electron temperature found in the outer
(SW) part of the nebula (upper part of the PV di-
agrams) fluctuates around a value of 104K, with
good agreement between the temperatures from
the [O III] and [N II] lines. As expected, the tem-
perature is lower in the filament (Fig. 2) where the
density is higher. Both the [O III] and [N II] lines
indicate that the regions nearer the central star are
hotter, but the variation implied by the [N II] lines
is much greater, up to values exceeding 2× 104K.
While we do not have the signal-to-noise to con-
struct a PV diagram for the [Ne III] temperature,
we can calculate its value in the main shell compo-
nents near the central star (the same region used
to measure the kinematics in Table 1, 0.′′5–2.′′5 SW
of the central star). We find [Ne III] λ3869/[Ne III]
λ3342 ratios of 573 and 556 in the blue- and red-
shifted components of the main shell, respectively.
These ratios imply temperatures of 10750K and
10840K for the blue- and red-shifted components,
respectively, and confirm the temperature found
from the [O III] lines in this region, precisely where
the [N II] temperature is anomalous.
Important differences between the [N II] and
[O III] temperatures have been found previously in
NGC 7009 (e.g., Liu & Danziger 1993; Liu et al.
1995; Fang & Liu 2012) and have been attributed
to a recombination contribution to [N II] λ5755
(Liu et al. 2000). In Fig. 6, we compare the [N II]
λλ5755,6583 PV diagrams (top row). Clearly,
there are additional emission components in the
[N II] λ5755 map. These could arise via collisional
excitation if the regions of excess [N II] λ5755
emission were either very hot or very dense. If
these regions were very hot, they should be even
more prominent in [O III] λ4363 and they are not
(Fig. 3). If these regions were very dense, this
should be evident from the ratio of the [Ar IV]
λλ4711,4740 or [O II] λλ3726,3729 lines, if they
are ionized, or from the presence of [O I] λ6300 if
they are neutral, but the [Ar IV] and [O II] den-
sities are not unusual and [O I] λ6300 is absent,
so high density can also be ruled out (Figs. 3 and
6). Therefore, the excess [N II] λ5755 emission is
presumably not the result of collisional excitation.
If the additional components in [N II] λ5755
are due to recombination, it should be possible to
model this map as a linear superposition of the
[N II] λ6583 map and a recombination line map,
such as O II λλ4639,4649. (Such a decomposition
implicitly assumes a constant electron tempera-
ture in the N+ zone.) In Fig. 6, we present a
model [N II] λ5755 map (second row, right) and it
is very similar to the observed [N II] λ5755 map, as
the difference of the two reveals (third row, right).
(The intercept of the fit was forced through the
origin, equivalent to supposing that the continuum
emission in all PV diagrams is zero.) If we sub-
tract the model [N II] λ6583 component from the
observed [N II] λ5755 map, we obtain the “[N II]
λ5755 excess” map (second row, left). The map of
the excess [N II] λ5755 emission is very similar to
the O II λλ4639,4649 PV diagram (third row, left;
see Fig. 7 for more examples of PV diagrams of
recombination lines), which suggests that this ex-
cess emission is indeed due to recombination (c.f.
Liu et al. 2000).
We can use this decomposition to compute the
[N II] temperature, approximately correcting for
the recombination contribution to [N II] λ5755.
At bottom right in Fig. 6, we present the [N II]
temperature map computed after subtracting the
model O II λλ4639,4649 emission component from
the observed [N II] λ5755 PV diagram. This [N II]
temperature map is now similar to the [O III] tem-
perature map in Fig. 5, though of much lower
signal-to-noise near the central star.
The agreement of the temperatures calcu-
lated from the lines of [O III], [Ne III], and
[N II] (corrected for the recombination contri-
bution to [N II] λ5755) implies that the quality
of the atomic data for these collisional transitions
is reasonable. Therefore, we conclude that re-
combination excitation of the [N II] λ5755 line
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(Nussbaumer & Storey 1984) is the most plau-
sible explanation for the difference in the [O III]
and [N II] temperature maps, as has been ar-
gued previously for NGC 7009 and other plan-
etary nebulae (Liu et al. 2000; Tsamis et al.
2003; Wesson et al. 2005).
In theory, recombination should excite both
the auroral and nebular lines of N+ and O+
(Nussbaumer & Storey 1984). However, the re-
combination contribution to the intensities for au-
roral and nebular lines are similar while the col-
lisional contribution to the nebular lines is 1-
2 orders of magnitude larger (Liu et al. 2000).
The difference between the PV diagrams of [N II]
λ6583 and [O II] λ3726 compared to that of O II
λλ4639,4649 (Figs. 3 and 6) illustrate this clearly
for NGC 7009. Therefore, the recombination con-
tribution to the nebular lines can be ignored in
NGC7009 (and probably most other PNe).
The line splitting also differs between [O III]
λ4363 and [O III] λ4959 (Table 1). In this case,
however, the PV diagrams have very similar mor-
phologies (Fig. 3). In addition, the [O III] λ4363
PV diagram has no components in common with
the PV diagram for O III λ3707 that results from
recombination of O3+, as expected since the quan-
tity of O3+ available to recombine is very small
outside the innermost part of the O2+ zone (see
Fig. 9). (N2+ recombination to [N II] λ5755 is
much more relevant because there is much more
N2+ than N+; Fig. 9.)
The O2+ ion is the most efficient coolant avail-
able in most planetary nebulae. So, it is natural
that the temperature rise where O2+ is not the
dominant ionization state of oxygen, as occurs in
the He2+ zone where the fraction of O3+ begins
to increase. It is therefore also natural that the
[O III] λ4363 emission is slightly biased to the in-
ner regions of the O2+ zone. Similarly, in the SW
cap, there is a slight increase in the [N II] (and
[O III]) temperature where the [O I] λ6300 emis-
sion peaks (Fig. 5), presumably indicating the
position of a transition zone and the loss of N+ as
an important coolant.
3.3. C II λ4267
In Fig. 7, we present more PV diagrams for
recombination lines of C II, N II, O II, and Ne II.
Their similarity is notable in both the positions
and velocities of the four main emission compo-
nents, the two peaks in both the red- and blue-
shifted components. With the exception of the
C II λ6578 line, the relative intensities of these
components are maintained. Note that, in ad-
dition to recombination, fluorescence may con-
tribute indirectly to the excitation of C II λ6578
and N II λ5680, i.e., fluorescence can excite lev-
els that can then decay to the upper level of these
transitions (Grandi 1976; Sharpee et al. 2004).
The decomposition of the [N II] λ5755 line has
already been discussed (§3.2).
The C II λ4267 PV diagram is surprising (Fig.
7). It appears to be composed of only two emission
components, not the three expected, i.e., (NIST;
Atomic Line List v. 2.05b16/P. van Hoof4). Pre-
sumably, we do not detect the 2s2 4f 2F◦
5/2 to
2s2 3d 2D5/2 transition, the weakest and reddest
component. Also, the separation between the
two components we observe, the 2s2 4f 2F◦
7/2 to
2s2 3d 2D5/2 and 2s
2 4f 2F◦
5/2 to 2s
2 3d 2D3/2 tran-
sitions, is 0.222A˚ (15.6 km/s) rather than the
0.182A˚ or 0.260A˚ expected (NIST; Atomic Line
List v. 2.05b16/P. van Hoof4).
We have isolated the red emission component
(Fig. 7, second row, left panel), nominally at
4267.183/4267.261A˚, by modeling the C II λ4267
PV diagram as a linear superposition of two O II
λλ4639,4649 PV diagrams that are shifted in ve-
locity. The PV diagram for the red component is
obtained by subtracting the blue component from
the original C II 4267 PV diagram. (As before, the
intercept of the fit was forced through the origin.)
3.4. N II fluorescence lines
Several N II multiplets may be excited by flu-
orescence from starlight or He I λ508.64 (e.g.,
Grandi 1976; Sharpee et al. 2004). As already
noted, N II λ5680 and other lines of its multiplet
(V3) can result from the de-excitation of the lines
frommultiplet V30 (N II λλ3829.80,3842.19,3855.10)
that are strongly affected by resonance fluores-
cence from He I λ508.64, as can multiplet V5,
of which N II λ4630.54 is the strongest compo-
nent. Resonance fluorescence by starlight can
excite multiplets V20, V21, V24, V28, and V29,
of which the strongest lines are N II λ4994.37
4http://www.pa.uky.edu/∼peter/newpage/
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(V24) and N II λλ5931.79,5941.65 (V28). Only
N II λλ4631,5932,5942 have sufficient signal to
construct (noisy) PV diagrams (as well as N II
λ5680 and other lines from multiplet V3).
If these lines are excited purely by recombi-
nation, their PV diagrams should appear simi-
lar to other recombination lines, such as O II
λλ4639,4649. If they result purely from fluores-
cence, their PV diagrams should be more similar
to the PV diagram of [N II] λ6583. Fig. 8 presents
the PV diagrams for the strongest of the N II flu-
orescence lines in our data, N II λλ4631,5932,5942
as well as [N II] λ6583 and O II λλ4639,4649. (N II
λ5680 appears in Fig. 7.) Like the N II λ5680 PV
diagram, those for N II λλ4631,5932,5942, though
noisy, are more similar to the PV diagrams of re-
combination lines than to that for [N II] λ6583.
We conclude that, in NGC 7009, these lines are ex-
cited overwhelmingly via recombination, confirm-
ing the opinion of Sharpee et al. (2004) that dif-
ferent excitation mechanisms have different effects
in different objects.
4. Discussion
4.1. Modeling the ionization structure
To provide context for the results of §3.1, we
present the ionization structure for generic model
nebulae in Figs. 9 and 10. Both figures present the
fractional ionization as a function of distance from
the ionizing source. The figure captions provide
details concerning the model parameters. The
models in Fig. 9 and the second panel of Fig.
10 contain the ionizing sources most likely to be
similar to the central star in NGC 7009. The ion-
ization structure of these two models is very sim-
ilar to that deduced from the kinematics of NGC
7009: The dominant ions throughout the bulk of
the main shell, especially if it is optically thin, are
H+, He+, O2+, and Ne2+. The O3+ → O2+ tran-
sition zone occurs within the He2+ zone and more
or less coincides with the Ar3+ zone.
In all cases, the zones where C2+, N2+, O2+,
and Ne2+ are the dominant ions of these elements
coincide rather closely. The C II, N II, O II, and
Ne II recombination lines should arise primarily
where these doubly-ionized ions recombine to the
singly ionized state, i.e., where the singly-ionized
stage of these elements is the second most abun-
dant stage (see the arrows in Fig. 9). For the mod-
els with a significant He2+ zone, as in NGC 7009,
the zone where C+ and N+ are the second most
abundant stage differs significantly from the zone
where O+ and Ne+ are the second most abundant
stage, since the C3+ and N3+ zones extend deeply
into the C2+ and N2+ zones, respectively. There-
fore, these models predict different kinematics for
C II and N II lines, in particular a larger velocity
splitting, compared to O II and Ne II lines. In
contrast, we observe similar kinematics for all of
these lines in NGC 7009.
In reality, this problem may not be so acute, be-
cause NGC 7009’s main shell is optically thin to
ionizing radiation. As a result, the models in Fig.
9 and the top three panels of Fig. 10 should be
truncated prior to the H+ → H◦ transition zone.
Depending upon where the models are truncated,
the C II and N II lines should be significantly
weaker than expected due to ionization equilib-
rium, but would allow the zones emitting the C II,
N II, O II, and Ne II recombination lines to coin-
cide more closely, perhaps explaining their similar
kinematics.
On the other hand, truncating the models as de-
scribed is problematic as regards the abundances
derived from the C II, N II, O II, and Ne II lines.
From the truncated models, lower C2+ and N2+
abundances would be expected as compared to
the O2+ and Ne2+ abundances, since a large frac-
tion of the C2+ and N2+ zones is excluded. Yet,
the over-abundance of C2+, N2+, O2+, and Ne2+
derived from recombination lines in NGC 7009
are similar (Liu et al. 1995; Luo & Liu 2003;
Fang & Liu 2012).
So, the models in Fig. 9 and the top three
panels of Fig. 10 are not simultaneously com-
patible with the kinematics and chemical abun-
dances from recombination lines in NGC 7009. To
be compatible with the kinematics we observe, the
models should be truncated. If they are truncated,
the models should be incompatible with the ionic
over-abundances derived from the C II, N II, O II,
and Ne II lines (Liu et al. 1995; Luo & Liu 2003;
Fang & Liu 2012).
4.2. Location of the ions emitting C II,
N II, O II, and Ne II lines
The O2+ ion is responsible for four PV dia-
grams in Fig. 3, the collisionally-excited [O III]
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λλ4363,4959 lines, the O III λ3444 Bowen fluores-
cence line, and the O II λλ4639,4649 recombina-
tion lines (also Table 1). The structure of the PV
diagram of the O III λ3444 Bowen fluorescence
line is notably different from that of the [O III]
λλ4363,4959 or O II λλ4639,4649, but resembles
that for He II λ4686 in that the “loop” at the
top/SW of the diagram is replaced by a broad,
detached kinematic component that shows little
spatial structure.
The Bowen and collisionally-excited lines are
expected to differ since the spatial volumes in
which they are excited differ. The PV diagrams
differ in the sense expected, since the Bowen lines
should arise in the innermost part of the O2+ zone
that overlaps the He2+ zone. Indeed, both the
structure of the PV diagram of the O III λ3444
line and its line splitting are similar to those of
the He II λ4686 line, as expected.
The structure of the PV diagrams for the
[O III] λλ4363,4959 collisional lines are very simi-
lar. However, their line splitting differs (Table 1).
This difference was addressed in §§3.1 and 3.2 and
can be understood in terms of the ionization and
temperature structure of the nebula (§4.1).
That the PV diagrams for [O III] λ4959 and
O II λλ4639,4649 differ is very important. In
the absence of strong temperature gradients, ion-
ization equilibrium in a chemically-homogeneous
medium should impose similar position and veloc-
ity distributions on the collisional and recombina-
tion emission from O2+ (§§3.1 and 4.1; Figs. 9 and
10). Since the emissivity of recombination and
collisionally-excited lines depend upon the tem-
perature in opposite ways, the former decreasing
and the latter increasing as the temperature in-
creases, a temperature gradient could enhance the
O II λλ4639,4649 recombination emission from the
coolest regions in a chemically-uniform plasma.
The top panel in Fig. 11 presents the PV
diagram of the ratio of the emission in O II
λλ4639,4649 relative to that in the [O III] λ4959
line. If the O II λλ4639,4649 emission arose only
from recombination of O2+ ions throughout the
zone that emits [O III] λ4959, the ratio should be
constant in the outer part of the nebula and de-
crease in the inner part of the O2+ zone where the
temperature increases (bottom panel in Fig. 11;
also Fig. 5). While a gradient is seen, it is in the
wrong sense, for it increases towards the innermost
part of the zone emitting [O III] λ4959 where the
temperature increases, rather than decreasing as
expected.
The second and third panels of Fig. 11 present
the PV diagrams of the ratios of O III λ3444 and
[Ar IV] λ4740 relative to [O III] λ4959. These two
line ratios vary in a similar way as the ratio of O II
λλ4629,4649 to [O III] λ4959. However, both the
Ar3+ zone and the O III λ3444 Bowen fluorescence
are biased to the innermost part of the O2+ zone
within the He2+ zone (Fig. 9), so their line ratios
relative to [O III] λ4959 vary as expected and con-
firm that the excess O II λλ4629,4649 in the inner
part of the O2+ zone is anomalous.
The structure of the top two panels in Fig. 11
differ in an important way. Clearly, the O III
λ3444 Bowen fluorescence (second panel) is much
more restricted to the inner part (in velocity)
of the O2+ zone than the emission from O II
λλ4639,4649 (top panel). This is especially ap-
parent considering the velocity-space range occu-
pied by the SW cap (Figs. 2 and 3). Thus, there
is emission from O II λλ4639,4649 from the en-
tire zone from which the [O III] λ4959 emission
arises, but this is not the case for the emission
from O III λ3444. Therefore, the entire volume
emitting in the [O III] λ4959 forbidden line emits
some O II λλ4639,4649 recombination emission,
as expected. What is unexpected is the addi-
tional emission from O II λλ4639,4649 in the in-
ner part of the O2+ zone. Given what is known of
the temperature structure in NGC 7009 and the
expectations of ionization equilibrium, the O II
λλ4639,4649 emission clearly does not trace the
emission from [O III] λ4959 in the inner part of the
O2+ zone. Thus, there appear to be two emission
components for the O II λλ4639,4649 recombina-
tion lines in NGC 7009: one probably follows the
[O III] λ4959 emission throughout the O2+ zone
as expected while the second is located near the
O3+ → O2+ transition zone.
Our data (Table 1, Figs. 3 and 7) lead us to
identical conclusions concerning the Ne II recom-
bination lines and the collisionally-excited [Ne III]
lines in NGC 7009. Although we lack CELs to
trace the C2+ and N2+ zones, the models pre-
sented in §4.1 imply that the same would also be
true for the C II and N II recombination lines.
There are few studies of the kinematics of the
C II, N II, O II, and Ne II lines. Otsuka et al.
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(2010, using an ADC) also found smaller expan-
sion velocities from O II that were discrepant with
the expectations of ionization equilibrium in the
planetary nebula BoBn 1 (ADF ∼ 2 − 3). On
the other hand, the kinematics of the C II, N II,
and Ne II lines was not discrepant. For DdDm
1 (ADF ∼ 12), Otsuka et al. (2009) find that
the kinematics of the N II and O II lines is com-
patible with the ionization structure derived from
CELs. The results of Sharpee et al. (2004, IC
418) and Barlow et al. (2006, NGC 6153 and
NGC 7009) are more difficult to interpret, since
they were made without an ADC and on the bright
rims of these objects, which cannot guarantee co-
spatial observations at different wavelengths (e.g.,
Fillipenko 1982) and can confuse ionization struc-
ture with projection effects, respectively. Only for
NGC 6153 (ADF ∼ 9) does the expansion velocity
of O II λ4649 appear to be smaller than that for
[O III] λ5007 (Barlow et al. 2006).
On the other hand, differences between the
spatial distributions of CELs and ORLs of carbon
and oxygen are well-known. Liu et al. (2000),
Garnett & Dinerstein (2001a), Luo & Liu (2003),
and Tsamis et al. (2008) find that the spatial
profile of the O II recombination lines is more
centrally-concentrated than that for the forbidden
[O III] emission in NGC 6153, NGC 7009, NGC
6720, and (marginally) NGC 5882. Barker (1982,
1991) noted a similar effect for C II λ4267 com-
pared to C III] λλ1906,1909 in NGC 6720 and
NGC 2392. Supposing spherical or cylindrical
symmetry, these differences in spatial profiles are
compatible with the differences in kinematics we
observe in NGC 7009.
We may therefore infer that the distributions
of recombination and collisionally-excited lines
through NGC 7009 differ, both projected in the
plane of the sky and along the line of sight. Phys-
ically, one component of the O II λλ4639,4649
recombination emission arises closer to the central
star than does the majority of the collisionally-
excited emission, i.e., the kinematics of this com-
ponent of the O II λλ4639,4649 recombination
lines are like those of higher stages of ionization
in NGC 7009. Given the similarity of their kine-
matics, the same is true for the C II, N II, and
Ne II emission. Therefore, there is presumably
the same additional emission component for all
of these recombination lines and the volume from
which it arises is not the same volume as that
from which collisionally-excited lines from the par-
ent ions are emitted, as traced by [O III] λ4959
and [Ne III] λ3869. While we cannot say whether
these volumes are mutually exclusive (§4.3), they
are clearly well-mixed in the inner part of the O2+
zone (Fig. 11).
4.3. Cold clumps?
To detect cold clumps kinematically requires
sufficient spectral resolution to at least resolve
the thermal widths of the normal nebular plasma
(emitting in CELs, resolution > 105) and demon-
strate that the ORLs have narrower line widths.
Our spectral resolution prevents this. However,
even very high spectral resolution could be foiled
if there are multiple clumps of the cold and nor-
mal plasmas at different velocities along the line
of sight.
A less direct method for inferring the pres-
ence of two plasma components, one emitting the
ORLs, the other the CELs, is to search for strong,
local enhancements in the ratio of ORL to CEL
emission. This can be done easily with the ratio
of two PV diagrams. Again, very high spectral
resolution is advantageous, especially if there are
multiple clumps of the different plasma compo-
nents along the line of sight. Our observations
(Fig. 11) do not reveal spectrally resolved en-
hancements of O II λλ4639,4649 relative to [O III]
λ4959, but a clear gradient, as already discussed.
Thus, either (1) our spectral resolution smears
both the ORL and CEL emission too much, (2)
there are multiple clumps of the ORL- and CEL-
emitting plasma components along all of our lines
of sight through NGC 7009, or (3) the ORL-
emitting plasma is widely distributed within the
normal nebular plasma.
The fourth panel in Fig. 11 clearly shows that
the He I λ4922 emission does not have the spatial
and velocity distribution of the O II λλ4639,4649
emission. In spite of the poorer velocity resolution
(the [O III] λ4959 PV diagram was broadened to
match the thermal width of the He I λ4922 line),
it is clear that the He I λ4922 line emission closely
follows that from [O III] λ4959, as expected (Figs.
9 and 10). Clearly, the plasma component emit-
ting the C II, N II, O II, and Ne II lines in the inner
part of the O2+ zone does not emit particularly
strongly in He I λ4922. Hence, our observations
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can only support a metal-rich plasma component
emitting the C II, N II, O II, and Ne II lines in the
inner part of the O2+ zone.
So, we find no clear evidence of chemically-
distinct plasma components, such as cold, hydrogen-
deficient clumps in NGC 7009 (e.g., Liu et al.
2000), but we cannot rule them out. In principle,
they could give rise to the observed recombination
lines at the locations and velocities observed (or
anywhere, since there is no accepted explanation
for their origin). If they were considerably more
dense than the “normal” nebular plasma (allowing
pressure equilibrium), they would naturally be of
lower ionization degree, which would resolve the
problem of coincident emission from C II, N II,
O II, and Ne II (§4.1). The dense model in the
bottom panel of Fig. 10 would not be spatially
resolved at the distance of NGC 7009.
The hypothesis of dense clumps, however, is
incompatible with the physical conditions de-
rived from the N II and O II lines in NGC 7009
by Fang & Liu (2011) and Fang & Liu (2012).
They find that both the temperature and density
derived for these lines is lower than those derived
for CELs. If true, the volume emitting these lines
is not in pressure equilibrium with the volume
emitting the CELs. We note that the atomic data
that these authors used for O II has not been
published.
4.4. Other options?
The [O III] temperature map in Fig. 5 clearly
shows that measurable, large-scale temperature
gradients exist within NGC 7009. Small-scale
temperature fluctuations may also exist, but our
spectral resolution limits our ability to measure
their true amplitude. However, it is not evident
that these temperature fluctuations could be re-
sponsible for the enhanced O II λλ4639,4649 emis-
sion. Our observations, like those of Tsamis et al.
(2008), find that the C II, N II/[N II], O II, and
Ne II recombination emission coincides with re-
gions of higher electron temperature, not lower
temperatures, contrary to expectations if temper-
ature fluctuations are responsible for enhancing
the recombination lines.
The transition zones of triply to doubly ionized
C, N, O, and Ne coincide with the region from
which recombination lines of C II, N II, O II, and
Ne II originate in NGC 7009. Might the resulting
doubly ionized ions somehow recombine efficiently
to the singly ionized state? Even if this were feasi-
ble in NGC 7009, it could not be a general process
because other planetary nebulae with large ADFs,
such as DdDm 1 or NGC 40 (Liu et al. 2004;
Wesson et al. 2005; Otsuka et al. 2009), do not
possess triply ionized zones of C, N, O, and Ne.
Physical processes that affect recombination
throughout the O2+ zone do not appear promising
as an explanation for the kinematics of the C II,
N II, O II, and Ne II lines in NGC 7009. Although
dielectronic recombination could strongly enhance
recombination lines where the temperature in-
creases, as we observe, we would require simi-
lar enhancements for four ions with different elec-
tronic structures, which seems improbable. Fluo-
rescence would require efficiently exciting minority
ions (§3.1) and at least the N II lines in NGC 7009
do not appear to be excited primarily by fluores-
cence (§3.4). Rodr´ıguez & Garc´ıa-Rojas (2010)
and Pradhan et al. (2011) suggest that recom-
bination coefficients could explain the differences
between ORL and CEL abundances. While this
might address a general effect, such as the typ-
ical ADF ∼ 2, it cannot explain our kinematics
since it should enhance recombination throughout
the region where doubly ionized C, N, O, and Ne
are present and, like dielectronic recombination,
would have to change in a similar way for four
different ions. Likewise, the possibility of depar-
tures of the electron energy distribution from a
Maxwellian distribution should affect the entire
zone where doubly ionized C, N, O, and Ne are
present (Nicholls et al. 2012). Again, such an
effect might explain a general discrepancy (e.g.,
ADF ∼ 2), but it would not produce the compo-
nent of the C II, N II, O II, and Ne II emission we
observe at the velocity of the O3+ → O2+ transi-
tion zone in NGC 7009.
4.5. The abundance discrepancy
Given that there appear to be at least two O II
emission components in NGC 7009 and that one
does not arise from the same volume as the [O III]
emission (§§4.2 and 4.3), it is clear that care must
be taken to compare and interpret the chemical
abundances derived from each type of line. In
particular, it is indispensable to know the physi-
cal conditions under which each type of line emits.
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Thus far, this type of analysis is not common, but
Liu et al. (2006) have undertaken such an anal-
ysis for the planetary nebula Hf 2-2. Under the
usual assumptions, Hf 2-2 has an ADF of 72 (the
highest known), but, when appropriate temper-
atures and densities are assumed for the O II,
[O III], and Balmer lines, comparable masses of
O2+ are found from CELs and ORLs. Presumably,
in other objects with smaller ADFs, the mass of
O2+ implied by the O II lines is less.
Since one component of the O II emission arises
from a different volume from that giving rise to the
[O III] emission in NGC 7009, both must be mea-
sured to obtain the oxygen abundance for these
plasma components. Since the component respon-
sible for the O II lines also appears to give rise to
the C II, N II, and Ne II lines, the same is pre-
sumably true for the carbon, nitrogen, and neon
abundances. If the O II and [O III] lines arise from
different plasma components, the meaning of the
abundance “discrepancy” changes: It is no longer
that the collisional and recombination lines imply
abundances that disagree, but that they probe the
chemical abundances in different plasma compo-
nents and that the different plasma components
have different chemical compositions. In NGC
7009, it is not a matter that one abundance is cor-
rect and the other wrong, as is commonly argued,
but that they measure the oxygen abundance in
different volumes within the object.
If there are multiple plasma components, it is
important to understand the origin of each com-
ponent in order to interpret the abundances de-
rived for each of them. The standard analy-
sis of nebular gas assumes a common origin for
all of the material, the progenitor star in the
case of planetary nebulae. This standard analy-
sis will be reasonable in many cases, but not all.
When there are multiple plasma components, it
is not necessarily obvious that all have a com-
mon origin, especially when even their coexis-
tence is not understood. Furthermore, depend-
ing upon the astrophysical interest in the chemi-
cal abundances, not all of the plasma components
may be relevant. For example, in studies of the
composition of the ejecta of the progenitor star,
it is vital to assure that only those components
that were part of the progenitor star are con-
sidered. Tsamis et al. (2011), Tsamis & Walsh
(2011) and Mesa-Delgado et al. (2012) provide
an enlightening study, though for a different con-
text (a proplyd in Orion).
In planetary nebulae, there are multiple ways
of incorporating external material whose origin is
not the progenitor star. A simple example is the
sweeping up of interstellar material during the evo-
lution of the nebular shell (e.g., Villaver et al.
2002). Although this mechanism could be rele-
vant for relatively evolved objects when the shell is
optically-thin and the analysis includes swept up
interstellar material, it cannot explain the kine-
matics we find for the C II, N II, O II, and
Ne II lines in NGC 7009. The dust discs found
around the central stars of some planetary neb-
ulae could be a more relevant example of exter-
nal material (Su et al. 2007; Chu et al. 2011;
Bil´ıkova´ et al. 2012), which Henney & Stasin´ska
(2010) find may be responsible for the chemi-
cal abundances in the surrounding nebulae under
some circumstances. In this scenario, the kine-
matics of the ORLs need not coincide with those
expected from ionization equilibrium, as the sub-
limating material will be at least partially decou-
pled from the nebular shell, and so could be com-
patible with our observations in NGC 7009. In
both cases, the external material is relevant to de-
termine the composition of the nebular plasma,
but not that of the matter ejected by the progen-
itor star.
The foregoing has far-reaching consequences
concerning nebular abundances throughout the
universe. However, NGC 7009 belongs to a mi-
nority group of planetary nebulae with large ADFs
(approximately 20% of the total; Liu 2010) that
generally have densities and sizes implying that
they are not very young (Robertson-Tessi & Garnett
2005). The frequency of planetary nebulae with
dust discs is similar (17%; Bil´ıkova´ et al. 2012),
though based upon a small sample. On the
other hand, most planetary nebulae and almost
all H II regions have ADFs of about a fac-
tor of 2 (Garc´ıa-Rojas & Esteban 2007; Liu
2010) and it is unclear whether the ADF phe-
nomenon in these objects has the same origin
as in the planetary nebulae with large ADFs
(Garc´ıa-Rojas & Esteban 2007). Clearly, it
would be worthwhile further investigating the
kinematics and spatial distributions of ORLs in
objects spanning a large range in ADF and nebu-
lar excitation.
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5. Conclusions
We analyze spatially- and velocity-resolved
spectroscopy of NGC 7009 obtained with the
UVES spectrograph at the ESO VLT (UT2) to
study the kinematics of its emission lines. We
construct position-velocity maps for emission lines
arising from different physical mechanisms and for
the physical conditions.
We are able to study the ionization structure for
oxygen in exquisite detail: O3+ via O III λ3707,
the transition zone to O2+ via O III λ3444 (Bowen
fluorescence) and O III λλ3757,5592 (charge trans-
fer), the O2+ zone via [O III] λλ4363,4959 (colli-
sional excitation) and O II λλ4639,4649 (recombi-
nation), the O+ zone via [O II] λλ3726,3729, and
the outermost H transition zone via [O I] λ6300.
The only anomaly is that the kinematics of the
collisionally-excited [O III] λλ4363,4959 lines does
not coincide with that of the O II λλ4639,4649 re-
combination lines. The kinematics favor at least
two emission components for the O II λλ4639,4649
recombination lines. The plasma from which a
large fraction of the O II emission arises clearly
does not originate within the volume expected
from the viewpoint of ionization equilibrium as
traced by the [O III] emission (§§3.1 and 4.2, Fig.
11). Instead, it arises from a zone interior to it.
There is also a widely-distributed plasma compo-
nent, co-spatial with the collisional [O III] emis-
sion, that also gives rise to O II λλ4639,4649 re-
combination emission.
The C II, N II, and Ne II recombination lines
appear to follow the distribution of the O II lines.
(Their PV diagrams are usually of lower signal-to-
noise.) So, in NGC 7009, a large fraction of the
C II, N II, O II, and Ne II recombination emis-
sion appears to arise internal to the zone expected
to contain the doubly-ionized parent ions. This
result is in agreement with studies of the spatial
distributions of recombination and forbidden lines
(see §4.2) that typically find that the former are
more centrally-concentrated.
The kinematics of the C II, N II, O II, and
Ne II recombination lines in NGC 7009 clearly fa-
vor a separate plasma component emitting mostly
(only?) in these lines. In NGC 7009, this plasma
component would be metal-rich (as opposed to H-
poor) since it is not a strong emitter in He I lines.
We are unable to find unambiguous kinematic ev-
idence for the existence of metal-rich clumps (e.g.,
Liu et al. 2000), but cannot rule them out. Other
explanations for the origin of the C II, N II, O II,
and Ne II lines, such as temperature fluctuations
or modifications of atomic physics are either ruled
out or implausible for NGC 7009 considering the
kinematics we observe.
The existence of multiple plasma components
has very important consequences for the calcula-
tion and interpretation of chemical abundances.
Given the kinematics we find for NGC 7009,
the discrepant abundances inferred from forbid-
den and recombination lines pertain to different
plasma components within the nebula. In NGC
7009, the “abundance discrepancy” arises because
these plasma components have different chemical
compositions and are probed by emission lines
excited by different mechanisms. Until we under-
stand the origin of these plasma components, the
interpretation of their chemical composition will
be ambiguous. There is no doubt that both com-
ponents are present within the nebula in gaseous
form. However, both may not be relevant for all
astrophysical purposes, particularly if these pur-
poses pertain to the composition of the ejecta of
the progenitor star.
As regards the physical conditions and chemical
abundances derived from collisionally-excited lines
in NGC 7009, we find few problems that could
prevent their use to reliably measure the chemical
composition of the plasma component from which
they arise. The only surprise we find is that we
directly observe a recombination contribution to
the [N II] λ5755 line that is often used as a tem-
perature indicator in ionized nebulae. Once this is
accounted for, the [O III], [Ne III], and [N II] tem-
peratures agree. The [Ar IV] and [O II] densities
present a coherent picture of the structure seen
in direct images. These results indicate that the
atomic data for these species should be reliable.
We therefore conclude that forbidden lines pro-
vide reliable chemical abundances for the plasma
component from which they arise.
Finally, we recommend further study of the
kinematics of recombination lines to determine
whether the kinematics we find for the C II, N II,
O II, and Ne II lines in NGC 7009 is a common
phenomenon. Likewise, further study to deter-
mine the frequency of dust discs around the central
stars of planetary nebulae would be very useful to
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ascertain whether these could be an explanation
for the ADF phenomenon, at least in planetary
nebulae with large ADFs (Bil´ıkova´ et al. 2012).
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Table 1
Adopted line wavelengths
Line Wavelength Splitting
(A˚) (km/s)
optical recombination lines
Hβ 4861.320 39.2
Hα 6562.791 39.4
He I λ4922 4921.931 40.1
He II λ4686 4685.748 33.1
C II λ4267 4267.261 35.4
C II λ6578 6578.05 36.0
N II λ5680 5679.56 35.1
O II λ4639 4638.856 36.6
O II λ4649 4649.135 35.5
Ne II λ3335 3334.837 35.1
Ne II λ3694 3694.215 38.0
N III λ4379 4379.11 34.1
O III λ3707 3707.24 34.0
collisionally-excited lines
[N II] λ5755 5754.57 37.8
[N II] λ5755 recomb. 5754.57 36.0
[N II] λ6583 6583.39 41.5
[O I] λ6300 6300.32
[O II] λ3726 3726.05 40.4
[O II] λ3729 3728.80 41.7
[O III] λ4363 4363.21 37.1
[O III] λ4959 4958.92 39.2
[Ne III] λ3869 3868.76 38.2
[Ar IV] λ4711 4711.34 36.0
[Ar IV] λ4740 4740.20 35.7
Bowen fluorescence lines
N III λ4641 4640.64 36.2
O III λ3444 3444.10 34.8
charge transfer lines
O III λ5592 5592.37 35.2
O III λ3757 3757.21 34.9
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Fig. 1.— These images show the slit positions
on NGC 7009, with the blue and red slit positions
shown in the top and bottom rows, respectively.
The first slit position is on the left and the second
on the right. The blue slit covers 8′′×1.′′5 while the
red slit covers an area of 11′′×1.′′5. The orientation
for all panels is shown at upper left.
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Fig. 2.— We present PV diagrams and images for NGC 7009 with the same spatial scale to illustrate their
correspondence. The HST WFPC2 images in [N II] λ6583 (top) and [O III] λ5007 (bottom) indicate the
combined position of the UVES slits (spatial directions indicated). For the PV diagrams, the spatial axis is
the vertical direction and the velocity axis has the most negative velocities (blue-shifted) on the left. The
color scale spans the range of 0%-100% of the maximum intensity in both PV diagrams. The white level
extends to 1% of the maximum intensity. The horizontal black line in the PV diagrams indicates the position
of the central star. Morphological structures from Sabbadin et al. (2004) are indicated. In the [N II] λ6583
PV diagram (left), the brightest feature is the SW cap, the filament is considerably fainter, and the main
shell is very faint. There is faint remnant emission from the central star. Except for the central star, the
same emission components are visible in the [O III] λ4363 PV diagram (right), but the relative intensities
differ, in agreement with their intensities in the direct images, e.g., the filament is now brightest. We choose
this PV map rather than [O III] λλ4959,5007 to show the smaller spatial coverage of the UVES blue arm
as well as the interpolation problem between the two slit positions that affects all of the blue spectra (and
apparently splits the filament). From the PV diagrams, we infer that the SW cap and filament are on the
side of the nebula closest to Earth (blue-shifted).
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Fig. 3.— We present PV diagrams for NGC 7009 in the light of different emission lines. In each panel,
the emission line and maximum intensity are identified in the upper left. The color scale spans the range of
0%-100% of the maximum intensity. The white level extends to 2% of the maximum intensity. The spatial
scale is indicated on the left, measured in seconds of arc from the position of the central star (indicated by
the horizontal line). The radial velocity scale spans from -110 to +10 km s−1 (no heliocentric correction).
The spatial region used to measure the velocity splitting in Table 1 spans the spatial range from +0.′′5 to
+2.′′5, immediately above/SW of the central star. The emission at positive velocities in the O II λλ4639,4649
PV diagram is due to the nearby C III λ4650 line (see Fig. 4). The trapezoid in the [O III] λ4959 PV
diagram indicates the region (part of the filament; Fig. 2) where the flux in this line is saturated.
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Fig. 4.— We present the spectrum around the O II λλ4639,4642,4649,4651 lines. The O II λλ4639,4649
lines are not blended with N III or C III lines though the O II λλ4642,4651 lines are affected.
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Fig. 5.— We present PV diagrams for the [O III] and [N II] temperatures (top: left and right, respectively)
and the [Ar IV] and [O II] densities (bottom: left and right, respectively). The [O III] and [N II] temperatures
agree in the top part of the PV diagram, with temperatures varying by about 600K about a value of 10,000K,
but differ by about a factor of two in the bottom part of the diagram. The [Ar IV] density map is quite
uniform throughout the main shell, except at the position of the filament (Fig. 2), which has a higher density.
The low ionization material visible in [O II] λ3726, including the SW cap (Fig. 2) and that interior to the
Ar3+ zone is of substantially lower density. The trapezoid (top left) indicate the saturated region in the
[O III] λ4959 PV diagram. The white level extends to 6,390K in the top row and to 300 cm−3 in the bottom
row. See Fig. 3 for further details.
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Fig. 6.— We present observed and modeled PV diagrams for the [N II] λλ5755,6583 and O II λλ4639,4649
lines. The modeled [N II] λ5755 map is constructed by adding a scaled O II λλ4639,4649 map to the scaled
[N II] λ6583 map (see text). The map of the [N II] λ5755 excess is obtained by subtracting a scaled [N II]
λ6583 map from the observed [N II] λ5755 map. The PV diagram of the excess emission is very similar to
the O II λλ4639,4649 PV diagram. At right in the third row is the difference of the observed [N II] λ5755
map and the modeled map. The residuals are less than 10% of the maximum intensity of the [N II] λ5755
map, which confirms that the excess [N II] λ5755 emission coincides closely with that of O II λλ4639,4649.
In the bottom row are maps of the [N II] temperature using the [N II] λ5755 PV diagram as observed (left)
and after subtracting the scaled O II λλ4639,4649 PV diagram (right). The white level extends to 3% of the
maximum intensity in top three rows and to 6,390K in the bottom row. See Fig. 3 for further details.
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Fig. 7.— The PV diagrams in C II, N II, O II, and Ne II recombination lines are strikingly similar. Excepting
C II 6578, even the relative intensities of the different components are the same: the blue-shifted emission is
always brighter than the red-shifted emission and the components closest to the central star are brighter than
the more distant components. The PV diagrams in the second row are derived from those in the first row
(see text). C II 6578 and N II 5680 can be excited via recombination or by indirect continuum fluorescence.
The white level extends to 4% of the maximum intensity. See Fig. 3 for further details. In the panel for
Ne II 3335 + 3694, the maximum intensity is shown at upper right for clarity.
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Fig. 8.— We compare the collisionally-excited
[N II] λ6583 line with the N II λλ4631,5932,5942
lines that can be excited via fluorescence and the
O II λλ4639,4649 recombination lines. In spite of
the low signal-to-noise, the N II λλ4631,5932,5942
PV diagrams are more similar to that of O II
λλ4639,4649, indicating that this process likely
dominates their production in NGC 7009. The
white level extends to 3% of the maximum inten-
sity. See Fig. 3 for further details.
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Fig. 9.— We plot the fractional ionization in a model nebula as a function of distance from the ionizing
source. This optically-thick model was computed using v08.00 of CLOUDY, last described by Ferland et al.
(2013), assuming an inner radius of 1017 cm (Sabbadin et al. 2004, their Fig. 9, top panel), a constant
density of 4000cm−3, a filling factor of unity, a homogeneous chemical composition (CLOUDY’s default
abundance set for planetary nebulae), and a stellar atmosphere model from Rauch (2003, 100,000K, log g =
5, logLbol = 38.6). The red, green, blue, and magenta arrows at bottom indicate the zones from which
emission should arise from C II, N II, O II, and Ne II, respectively.
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Fig. 10.— We present additional models whose
parameters are varied from those in Fig. 9. In the
top three panels, the central stars are modeled as
black bodies with temperatures of 60,000K (top),
80,000K (second), and 120,000K (third). In the
bottom panel, the density is increased by a factor
of 10 (note the change in horizontal scale). Other-
wise, the parameters are as in Fig. 9. For clarity,
we omit the He2+, He+, and Ar3+ ionization frac-
tions.
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Fig. 11.— These PV diagrams present ratios of
O II λλ4639,4649 to [O III] λ4959 (top), O III
λ3444 to [O III] λ4959 (second), [Ar IV] λ4740
to [O III] λ4959 (third), He I λ4922 to [O III]
λ4959 (fourth), and the [O III] temperature (bot-
tom). The scale factor by which each ratio was
normalized is given in the top four panels. Metal-
rich clumps should appear as spatially-confined
enhancements in the top panel. Comparing the
top two panels, the O II λλ4639,4649 emission
arises from a much greater part of the O2+ zone
than does that from O III λ3444. The first and
fourth panels are very different, so the component
emitting in O II λλ4639,4649 is not a strong emit-
ter in He I λ4922. The trapezoids indicate the
saturated region in the [O III] λ4959 PV diagram.
The white level extends to 3% of the scale factor
(top four panels) and to 6,390K (bottom panel).
See Fig. 3 for further details.
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